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The Staphylococcus aureus Extracellular Adherence
Protein Promotes Bacterial Internalization by
Keratinocytes Independent of Fibronectin-Binding
Proteins
Stephanie Bur1, Klaus T. Preissner2, Mathias Herrmann1 and Markus Bischoff1
Staphylococcus aureus, the leading causal pathogen of skin infections, is strongly associated with skin atopy, and
a number of bacterial adhesins allow the microbe to adhere to and invade eukaryotic cells. One of these adhesive
molecules is the multifunctional extracellular adherence protein (Eap), which is overexpressed in situ in authentic
human wounds and was shown to delay wound healing in experimental models. Yet, its role during invasion of
keratinocytes is not clearly defined. By using a gentamicin/lysostaphin protection assay we demonstrate here that
preincubation of HaCaT cells or primary keratinocytes with Eap results in a concentration-dependent significant
increase in staphylococcal adhesion, followed by an even more pronounced internalization of bacteria by
eukaryotic cells. Flow cytometric analysis revealed that Eap increased both the number of infected eukaryotic
cells and the bacterial load per infected cell. Moreover, treatment of keratinocytes with Eap strongly enhanced
the internalization of coagulase-negative staphylococci, as well as of E. coli, and markedly promoted staphylococcal
invasion into extended-culture keratinocytes, displaying expression of keratin 10 and involucrin as differentiation
markers. Thus, wound-related staphylococcal Eap may provide a major cellular invasin function, thereby
enhancing the pathogen’s ability to hide from the host immune system during acute and chronic skin infection.
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INTRODUCTION
S. aureus is an opportunistic pathogen with the ability to cause
acute-fulminant, as well as chronic-persistent disease. The
Gram-positive microorganism is the leading cause of super-
ficial and deep skin infections; it is frequently associated with
impaired wound healing and is closely associated with atopic
reactions of the skin (Madsen et al., 1996; Bunikowski et al.,
2000; Grimble et al., 2001). As S. aureus is able to invade and
persist in nonprofessional phagocytes such as fibroblasts,
osteoblasts, and various epithelial cell types (Deitch et al.,
1995; Almeida et al., 1996; Bayles et al., 1998; Bost et al.,
1999; Ellington et al., 1999; Jevon et al., 1999), such
intracellular niches are thought to have a major role in the
pathogenesis of infections. More recently, the intracellular
localization of S. aureus has also been demonstrated in tissues
derived from patients, suggesting a role of this niche for
shielding of bacteria from host defense, and as a reservoir for
persistent microorganisms (Clement et al., 2005; Plouin-
Gaudon et al., 2006; Garzoni and Kelley, 2009; Sendi and
Proctor, 2009; Zautner et al., 2010).
In order to invade eukaryotic cells, Staphylococci have to first
attach to their cell surface. This initial attachment of S. aureus is
mediated by a number of cell wall–bound adhesins, including
MSCRAMMs (microbial surface components recognizing adhe-
sive matrix molecules) (Nitsche-Schmitz et al., 2007) and
secretable expanded repertoire adhesion molecules (Chavakis
et al., 2005). Bridging between fibronectin-binding proteins
(FnBPs) and a5b1 integrins by soluble fibronectin (Fn) is
supposed to be the basis for the crucial role of MSCRAMMs
as major invasins of S. aureus (Dziewanowska et al., 1999;
Lammers et al., 1999; Sinha et al., 1999; Fowler et al., 2000;
Sinha et al., 2000); for epithelial cells, an additional role of a
direct interaction between FnBPs and an epithelial cell–
expressed heat shock protein (HSP-60) has been demonstrated
(Dziewanowska et al., 2000). The internalization step itself
involves receptor-mediated endocytotic mechanisms that
include the formation and uptake of clathrin-coated pits via
rearrangement of the cytoskeleton (Sinha and Fraunholz, 2010),
F-actin polymerization (Ellington et al., 1999; Jevon et al., 1999),
and the activation of protein tyrosin kinases such as Src-tyrosin
kinase (Dziewanowska et al., 1999; Agerer et al., 2003).
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Secreted expanded repertoire adhesive moleculess are
either secreted or decorate the bacterial cell surface by
noncovalent binding to putative bacterial receptors contribut-
ing to bacterial uptake by less well-understood mechanisms.
Among these adhesion proteins, the ‘‘extracellular adherence
protein’’ (Eap), which is produced by all isolates of S. aureus
but not by other staphylococcal species (Hussain et al., 2001),
has been best described with respect to its adhesive functions
and anti-inflammatory properties. Eap has been shown to bind
to a number of host cell matrix and plasma proteins such as
Fn, fibrinogen, prothrombin, vitronectin, thrombospondin-1,
collagen I, IV, and VI, to extracellular matrix aggregates, and
to the endothelial cell adhesion molecule ICAM-1 (reviewed
in Chavakis et al., 2005; and Hussain et al., 2008). After
preincubation of bacteria with Eap, adherence to and
internalization by eukaryotic cells was found to be
enhanced (Palma et al., 1999; Haggar et al., 2003), and—in
analogy to MSCRAMM-mediated mechanisms—it was pre-
sumed that Eap provides an anchoring function due to
recognition by eukaryotic cell surface molecules that may
mediate subsequent bacterial uptake. However, none of the
ligands mentioned above have been experimentally proven to
be required for the Eap effect on adhesion/internalization. Eap
further exhibits immunomodulatory and antiangiogenic func-
tions (Chavakis et al., 2002; Lee et al., 2002; Athanasopoulos
et al., 2006; Sobke et al., 2006; Chavakis et al., 2007;
Thompson et al., 2010; Wang et al., 2010) that delay
wound healing (Athanasopoulos et al., 2006), as well as
antiproliferative activities that are related to interference of
Eap with intracellular mitogen-activated protein kinase
(MAPK) signaling (Sobke et al., 2006). Another aspect
related to staphylococcal wound infections is the massive
increase of S. aureus eap transcription in authentic human
wounds (Joost et al., 2009), suggesting the presence of high
extracellular Eap levels in S. aureus-infected wound tissue
resulting in a delay in wound healing and in enhanced
humoral host response (Joost et al., 2011).
In light of wound-associated Eap, as well as of its multi-
functional activities it is necessary to scrutinize the Eap-
mediated adhesion and invasion process in skin cells in closer
detail in order to define potential Eap-mediated mechanisms
contributing to the invasive skin infection of S. aureus. More-
over, as skin infections are frequently of polymicrobial origin,
a role of secreted Eap on the uptake of other microorganisms
needs to be addressed.
RESULTS AND DISCUSSION
FnBPs-independent adhesion and internalization of S. aureus by
keratinocytes
To determine the impact of FnBPs and other MSCRAMMs
during internalization of S. aureus by keratinozytes, the
invasiveness of isogenic fnbABþ /fnbAB (8325-4/DU5883)
(McElroy et al., 2008) and srtAþ /srtA (SA113/SA113 DsrtA
(Weidenmaier et al., 2008)) (srtA confers expression of sortase
A, an enzyme providing covalent linkage of MSCRAMM to the
Gram-positive cell wall (Mazmanian et al., 1999); srtA
mutants are devoid of cell-bound MSCRAMM molecules)
strain pairs into HaCaT cells and primary keratinocytes
(normal human epidermal keratinocytes (NHEK)) was deter-
mined in gentamicin/lysostaphin protection assays. Initially,
the impact of the multiplicity of infection (MoI) and incuba-
tion time on the internalization capacity of the fnbABþ
strain SA113 into HaCaT cells was analyzed (Figure 1a).
SA113 was readily taken up, and the amount of internalized
microorganisms was dependent on the MoI and cocultivation
time: After 90 minutes of cocultivation, an MoI of 1, 10, and
100 resulted in a total of 5.8103, 5.3 104, and 1 105
internalized bacteria per 4.5105 cells, respectively. The
uptake process appeared to be saturable as a 10-fold increase
in MoI (from 10 to 100) resulted in a twofold increase in
intracellular bacteria only. Subsequent experiments were
conducted with an MoI of 100 and a cocultivation time of
90 minutes.
Analysis of staphylococcal adhesion to and uptake by
HaCaT cells and by NHEK revealed important differences
both with respect to interaction events, as well as with respect
to the keratinocyte cell type used. Both wild-type (WT) strains
adhered and internalized more effectively to/into HaCaT cells
Mol 120
15
10
10
10
30
50
***
***
***
***
*
5
0 0
2
0
2
1
4
6
Ad
he
re
nt
ba
ct
er
ia
 (C
FU
 ×1
06
)
In
te
rn
al
iz
ed
ba
ct
er
ia
 (C
FU
 ×1
04
)
In
te
rn
al
iz
ed
ba
ct
er
ia
 (C
FU
 ×1
04
)
8
30 90
Time (min)
150 SA113 8325-4ΔsrtA ΔfnbAB SA113 8325-4ΔsrtA ΔfnbAB
Mol 10
Mol 100
***
***
***
***
***
***
*
*
Figure 1. Adhesion and internalization of S. aureus by keratinocytes. (a) Freshly passaged HaCaT cells were grown to confluence and incubated with S. aureus
SA113 at the multiplicities of infection (MoI) indicated, and internalization rates were determined as outlined in Methods. The data represent mean±SEM
(n¼ 4). (b, c) Determination of the adhesion (b) and internalization rates (c) of isogenic srtAþ /srtA (SA113/SA113 DsrtA) and fnbABþ /fnbAB (8325-4/DU5883)
strain pairs in HaCaT cells (open boxes) and primary keratinocytes (patterned boxes). Data are presented in box and whisker plots showing the interquartile
range (25–75%; box), median (horizontal line), and whiskers (bars; min/max). *Po0.05; ***Po0.001 for WT versus WT and WT versus mutant, respectively
(the Mann–Whitney U-test). CFU, colony-forming unit.
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than to/into NHEK cells. In addition, in comparison with the
respective WT strains, both fnbAB and srtA mutants revealed a
profoundly and significantly lower amount of bacteria being
adherent to and internalized by HaCaT cells (Figure 1b and c).
This finding is in accordance with a previous report, indicating
that S. aureus strain 8325-4 internalization occurs in an
FnBPA-dependent manner upon incubation with HaCaT cells
(Edwards et al., 2011).
In contrast to the interaction with HaCaT cells, both the
fnbAB and srtA mutants adhered to NHEK to the same extent
when compared with WT strains (Figure 1b). With respect to
internalization, the results were found to depend on the type
of deletion-mutation: Whereas for the srtA mutant a significant
decrease in internalization was observed, for the fnbAB
mutant no such difference was discernable (Figure 1c). These
findings not only demonstrate that S. aureus adhesion
mechanisms differ between NHEK and HaCaT cells but
further reveal, at least for the srtA mutant, an important
dissociation between adhesion and internalization events,
suggesting that an anchoring mechanism provided by the
MSCRAMM–host cell receptor interaction might not be the
sole mechanism that contributes to uptake of S. aureus by
primary keratinocytes.
We also observed significant differences in the internaliza-
tion capacities of the WT strains, although both strains share
a similar genetic background. Whereas 8325-4 internalized
less efficiently into HaCaT cells compared with SA113,
the opposite was observed with primary keratinocytes
(Figure 1c). However, as the gene repertoires of SA113 and
8325-4 differ slightly (both are descendants of NCTC8325, but
8325-4 lacks the prophages of its ancestor, and SA113
represents an N-methyl-N’-nitro-N-nitrosoguanidine mutagen-
ized derivative of NCTC8325 with altered restriction/modifi-
cation properties and an increased biofilm formation capacity
(Novick, 1967; Iordanescu and Surdeanu, 1976)), the
differences in invasiveness observed between these two
strains might be caused by such minor alterations. Strain-
dependent effects on cell viability could be largely excluded,
as both WT strains induced similar levels of apoptosis in
HaCaT cells and NHEK (o5%).
In part, these findings are in accordance with published
results reporting adherence to atopic and normal skin occur-
ring via FnBP-independent mechanisms (Cho et al., 2001),
and via FnBP-independent albeit strain-dependent
mechanisms also for invasion of primary human
keratinocytes (in contrast to results with the keratinocyte cell
lines HaCaT, UP, and NHK showing FnBP invasion
dependency) (Kintarak et al., 2004). In HaCaT cells, invasion
with 8325-4 derivates was found to be FnBP-dependent, and
activity could be attributed to individual FnBP repeat regions
(Edwards et al., 2011). Variations in expression levels of the
a5b1 integrin (as recognition site for various bacterial
adhesins) on different eukaryotic cell types might also
contribute to differences in pathogen binding and
internalization (Edwards et al., 2011). The role of Eap,
however, on adhesion and internalization was believed to
be only of importance for invasion of strains devoid of or
equipped with aberrant FnBPs (Grundmeier et al., 2004) and
had been demonstrated to partly compensate for loss of their
function (Palma et al., 1999; Haggar et al., 2003). Yet, as our
and others’ findings revealed a differential role of FnBPs with
respect to S. aureus–keratinocyte interaction in an FnBP
functional background, as a next step purified Eap was used
to elucidate its role in adhesion/internalization mechanisms
with keratinocytes in various fnb backgrounds.
Eap-mediated and FnBP-independent adhesion/internalization of
S. aureus by keratinocytes
HaCaT cells were preincubated with increasing concentra-
tions of Eap, washed to remove unbound Eap, and subse-
quently exposed to strain SA113 in a gentamicin/lysostaphin
protection assay. In a concentration-dependent manner, Eap
affected both adhesion and internalization: Upon preincuba-
tion with Eap at concentrations of X20mg ml1, adhesion of
SA113 to HaCaT cells was significantly increased, whereas
lower concentrations of Eap (o10mg ml1) were sufficient to
significantly promote internalization of this strain by HaCaT
cells (Figure 2a). Higher concentrations of Eap (40mg ml1)
induced saturable bacterial adhesion and internalization,
promoting both events 2.8-fold and 5.5-fold, respectively.
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Figure 2. Effect of extracellular adherence protein (Eap)-preincubation of keratinocytes on the adhesion/internalization capacities of S. aureus. (a) Adhesion
(filled squares) and internalization (open circles) rates of S. aureus strain SA113 to/into HaCaT cells preincubated with the Eap concentrations indicated. (b) The
recovered fold change of colony-forming unit (CFU) numbers was determined in HaCaT (filled bars) or primary keratinocytes (open bars) in the absence or
presence of Eap (40mg ml1). (c) Internalization of green fluorescent protein (GFP)-expressing S. aureus HOM 70 was determined by FACS analysis as indicated by
the portion of GFP-positive keratinocytes (filled circles) and mean fluorescence intensity (MFI) (open triangles) of gated GFP-positive cells. Data represent
mean±SEM (n¼4). *Po0.05; **Po0.01 for Eap-supplemented versus unsupplemented cells (Wilcoxon signed-rank test).
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Similarly, pretreatment of NHEK with Eap (40mg ml1) and
subsequent incubation with SA113 promoted adhesion and
internalization 2.1-fold and 8.0-fold, respectively (Figure 2b).
These findings suggest that Eap pretreatment has an even
stronger impact on internalization than on adhesion in both
epithelial cell types. Experiments performed with 40mg ml 1
of Eap degraded with proteinase K showed no effect on
adhesion or internalization (data not shown).
To determine whether the effect of Eap pretreatment on
staphylococcal adhesion to and internalization by HaCaT cells
is restricted to only a small subpopulation of eukaryotic cells,
or whether Eap might enhance the overall number of HaCaT
cells ingesting S. aureus, Eap-pretreated HaCaT cells were
incubated with an SA113 derivative constitutively expressing
green fluorescent protein, and the number of internalized
bacteria was monitored by FACS analyses. As an increase in
function of the Eap concentration could be monitored with
respect to both the number of green fluorescent protein-
positive keratinocytes and the mean fluorescence intensities
of the infected cells (Figure 2c), it is suggested that Eap
promotes both the mean number of bacteria taken up by an
individual keratinocyte cell and the overall number of HaCaT
cells participating in the internalization of S. aureus.
On the basis of the above observations—that is, that srtA
and fnbAB mutations markedly affected the adhesion and
internalization of S. aureus in HaCaT cells—adhesion and
internalization of Eap-pretreated keratinocytes were also
determined for the fnbAB and the srtA mutants in this roboust
and well-studied cell line. When compared with results on
Eap-promoted adhesion and internalization of strain SA113,
the 8325-4 WT strain revealed a comparable promotion of
adhesion and internalization upon preincubation with Eap,
although the Eap effect on adhesion appeared to be less
pronounced (Figure 3a and b). Moreover, upon incubation of
the SA113 srtA mutant with HaCaT cells preincubated with
Eap, the promoting effect of Eap was not found to be different
with respect to either adhesion or internalization when
compared with the WT (Figure 3b). Upon using the 8325-4
fnbAB mutant and comparing it with the WT (Figure 3a),
however, the promoting effect of Eap on mutant adhesion
and internalization (fold increases WT/DfnbAB, 1.4/3.1 and
5.2/34.6) amounted to ratios of 2.2- and 6.6-fold, respectively.
It is noteworthy that the reduced adhesion and internalization
(Figure 1) as a function of the fnbAB mutation (resulting in
fold-decrease of 3.4 and 8.9 for adhesion and internalization,
respectively) was almost compensated for by preincubation
with Eap, whereas reduced adhesion and internalization upon
DsrtA introduction was not compensated for by Eap.
To test whether Eap attached to the bacterial surface of
S. aureus might also affect the adhesion and internalization
capacity of this pathogen, we next tested an SA113 eap
mutant in our adhesion/internalization assay. The deletion of
eap in SA113 affected neither the adhesion nor the inter-
nalization capacities to HaCaT cells (Figure 3c). Moreover,
preincubating keratinocytes with exogenous Eap increased the
adhesion and internalization of the eap mutant to/into kera-
tinocytes to the same extents as those observed with the
parental strain. Combined with recent observations reported
by Edwards et al., (2012) showing that an eap mutant adhered
as efficiently to endothelial cells as did its parental strain, it
can now be inferred that bacterial cell wall–bound Eap is of
only minor importance for the binding of S. aureus to both
endothelial and epithelial cells, whereas—if present in a
soluble form being secreted by staphylococci and interacting
with the eukaryotic cell before or during contact with the
bacterial cell—it is capable of exerting its promoting effect on
adhesion and internalization (at least with epithelial cells as
demonstrated in this study).
Eap-promoted adhesion and internalization of various
staphylococcal species and gamma-proteobacteria
To verify that the observed Eap effect is not restricted to the
closely related strains SA113 and 8325-4, four selected
S. aureus strains of different genetic backgrounds, Cowan I
(ATCC 12598), LS1 (Bremell et al., 1992), MSSA 1112
(Entenza et al., 1997), and ST239 (Grundmeier et al., 2010),
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Figure 3. Effect of extracellular adherence protein (Eap)-preincubation of
keratinocytes on the adhesion and internalization capacities of different
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were tested for adhesion and internalization by HaCaT cells in
the absence or presence of Eap (Figure 4a). Similar to our
findings made with SA113 and 8325-4, we found only minor
effects of Eap preincubation on adhesion, which ranged from
0.9 (LS1) to 1.9 (ST239), and were only significantly increased
for strains ST239 and Cowan I. In contrast, Eap preincubation
of HaCaT cells significantly promoted the internalization rates
of all four tested laboratory strains between 2.5-fold (LS1) and
6.6-fold (ST239).
On the basis of the rationale of frequently encountered
polymicrobial skin infections including coinfection of
S. aureus with other coagulase-negative staphylococcal spe-
cies such as Staphylococcus epidermidis or Staphylococcus
lugdenensis, as well as with the preeminent clinical repre-
sentative of the family of Enterobacteriaceae, E. coli, adhesion
and internalization of such microorganisms were analyzed in
the absence or presence of Eap (Figure 4b). In contrast to
S. aureus, wound isolates of S. epidermidis, S. lugdenensis,
and E. coli yielded very low internalization rates (data not
shown). The preincubation of HaCaT cells with Eap promoted
the adhesion of the stapylococcal microorganisms by factors
of 3.1 (S. epidermidis) and 5.7 (S. lugdenensis), respectively,
whereas binding of E. coli was not apparently affected.
However, the internalization rates of all three species were
strongly promoted upon Eap pretreatment and increased by
factors of 24 for S. lugdenensis up to 738 for E. coli. These
findings indicate once again that the Eap-induced internaliza-
tion rates cannot be explained by binding phenomena only.
Moreover, they suggest that Eap in wound tissue of S. aureus-
infected wounds not only promotes the internalization rates of
microorganisms of the Eap-producing species, i.e. S. aureus,
but also of other facultative pathogenic Gram-positive or
Gram-negative microorganisms that might be present in the
wound.
Promotion of Eap-mediated staphylococcal internalization by
HaCaT cells and relation to keratinocyte differentiation
Bacteria-infected chronic ulcers are considered a paradigmatic
entity for chronic skin infection, and S. aureus has been shown
to be the predominant pathogen in this setting (Brook and
Frazier, 1998; Lipsky et al., 2004; Thomsen et al., 2010). As a
hallmark, keratinocytes derived from the nonhealing edges of
such ulcers display an abnormal phenotype with the
disconcerted expression of cellular differentiation markers
(Stojadinovic et al., 2008). In order to investigate the impact
of keratinocyte differentiation on the Eap-stimulated
internalization phenotype, HaCaT cells were grown to
confluency and maintained for either 2 or 7 days before
incubation with S. aureus SA113. Under such prolonged
incubation, HaCaT cells underwent morphological changes
and became flattened and smaller in size (Supplementary
Figure S1A online). Concomitantly, HaCaT cells started to
express keratin 10 and involucrin (Supplementary Figure S1B
online). In intact skin, expression of these markers indicates
the transition of the epidermal cell from basal to suprabasal
localization, which is strongly associated with differentiation
features (Watt, 1983; Leigh et al., 1993; LaPres and Hudson,
1996; Candi et al., 2005).
Although the prolonged cultivation times of HaCaT cells did
not markedly affect the adhesion rate of SA113, their inter-
nalization rates drastically declined (Figure 5a). As little as
0.4% of the number of microorganisms was found to be
internalized in cells cultivated for 7 days when compared with
the number of bacteria recovered from cultures cultivated for
1 day after reaching confluency. Moreover, the age of the
eukaryotic cell culture also affected the survival/persistence
rates of internalized bacteria, whereby extended cell cultures
allowed significantly less bacterial survival (Figure 5b): On
analyzing the 24 hour survival, it was found that in 1-day-old
keratinocyte cultures 56.8% of the initial number of viable
organisms were recovered, in contrast to a fraction of 21.2%
of surviving organisms recovered from 7-day-old cultures.
Even the 48 hour survival analysis, albeit approaching
elimination of microorganisms, yielded a significant difference
between 1-day and 7-day-old cultures (24.7% survival as
compared with 8.5%). This observation suggests that
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staphylococcal species and gamma-proteobacteria by extracellular adherence
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differentiated cells might clear internalized bacteria more
efficiently compared with undifferentiated cells. However, the
mechanisms underlying this phenomenon remain unclear.
Phagosome maturation and disintegration may have a role, as
internalized bacteria have been shown to be partly able to
escape the phagolysosome and to survive for a prolonged time
in the cytosol (Bayles et al., 1998; Schroder et al., 2006), and it
is suggested that the phagosomal escape is associated with
production of agr-encoded d-toxin and agr-dependent b-toxin
(Wesson et al., 1998; Giese et al., 2011). In contrast to results
from previous studies using other types of eukaryotic or
bacterial cells as those studied here (Wesson et al., 1998,
2000; Giese et al., 2011), in our study at least apoptotic or
necrotic processes (with potential entry of antimicrobials from
the medium) appeared not to contribute to reduced intracellular
survival, as all HaCaT cell cultures tested contained comparable
fractions of apoptotic/necrotic cells (data not shown).
In contrast to the apparent protective effect of keratinocyte
differentiation toward staphylococcal uptake and long-term
survival, the preincubation of these differentiated, 7-day-old
cells with Eap caused a significant, 15.4-fold increase in the
number of internalized bacteria over the number of inter-
nalized bacteria in untreated cells, and a 3.3-fold effect on
internalization by differentiated, Eap-pretreated cells com-
pared with undifferentiated pretreated cells (again, an effect
that could not be related to a difference in adhesion of
S. aureus to such differentiated versus nondifferentiated cells,
as adhesion rates were found to be comparable) (Figure 5c).
These results indicate that Eap may be of particular impor-
tance for pathogenesis as well as for the persistent and
relapsing nature of skin ulcer infections.
Study limitations
Although we have determined invasion in HaCaT cells and in
primary keratinocytes, it is unclear whether these cells,
although constituting up to 95% of the cell population in skin
tissue, truly represent the bacterial uptake–proficient cell
populations in the intact human skin, which is also composed
of innate immune cells such as mast cells (Abel et al., 2011),
monocyte-derived macrophages, or dendritic cells (Nagl et al.,
2002), all capable of bacterial ingestion yet to a different
extent. Moreover, it is unclear whether intact or diseased skin
cells such as keratinocytes would be accessible for staphy-
lococci in a similar manner compared with the artificial
conditions in a monolayer cell culture in the in vitro
infection system. Furthermore, our study does not take into
account the effect of the secretion of antimicrobial peptides
(Braff et al., 2005) by keratinocytes and their direct functional
effect on the bacterial membrane (Harder and Schroder,
2005), or more indirectly through an immunomodulatory
function such as recruitment and activation of antigen-
presenting cells (Oppenheim and Yang, 2005).
Conclusions
This study contributes a number of observations with respect
to the role of Eap as a microbial adhesion and internalization
factor, in part independent of the MSCRAMM-type adhesins:
Eap appears to elicit a strong and FnBP-independent effect on
staphylococcal invasion of keratinocytes, an effect that
appears to be unrelated to an anchoring mechanism for
bacteria on the eukaryotic cell surface. Eap secreted by
S. aureus has a profound effect on the internalization rate of
other pathogenic bacteria frequently encountered in the
context of polymicrobial skin infections, and Eap elicits a
substantial effect on internalization of staphylococci in kera-
tinocytes of various differentiation states, a process that has to
be assessed in context with the differentiation state-dependent
staphylococcal uptake and intracellular survival rates.
Although not experimentally addressed here, Eap might
enhance the uptake of S. aureus by keratinocytes—similar to
FnBPs—by binding to the major host cell Fn receptor integrin
a5b1 via the bridging molecule Fn, thereby inducing a zipper-
type uptake of the attached bacterial cells. However, unlike
the bacterial cell wall–bound FnBPs, which only induce the
Fn-a5b1 driven uptake cascade if the bacterium is directly
bound to the host cell receptor, exogenous Eap might induce
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Figure 5. Promotion of staphylococcal internalization by preincubation of HaCaT cells with extracellular adherence protein (Eap) as a function of keratinocyte
differentiation. (a) Adhesion to (open boxes) and internalization (patterned boxes) of SA113 by 1-day, 2-day, and 7-day-old HaCaT cell cultures. (b) Intracellular
survival of SA113 in 1-day (open bars) and 7-day-old (filled bars) HaCaT cell cultures. (c) Adhesion (open bars) to and internalization (filled bars) of
SA113 by 1-day and 7-day-old HaCaT cell cultures in the absence or presence of Eap (40mg ml 1). Fold-change values indicate the number of colony-forming
units (CFUs) recovered from cells after Eap preincubation over the number of CFUs from untreated cells. Data are presented in box and whisker plots or
represent mean±SEM (n¼ 3–6). *Po0.05, for 1-day versus 7-day-old cells (the Wilcoxon signed-rank test).
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this uptake mechanism even if the bacterium is not
directly linked to the integrin, thereby increasing the uptake
rate of bacterial cells that are attached to the keratinocytes by
other host cell matrix molecules. Especially in eukaryotic cell
types that only weakly express a5b1, Eap might thus
largely contribute to the invasiveness of this pathogen. Alter-
natively, exogenous Eap might interact with host signaling
cascades that are involved in the control of the phagocytotic
machinery. Support for such uptake mechanisms is given
by preliminary results showing that the Eap effect on inter-
nalization can be fully blocked by adding the actin polymer-
ization inhibitor cytochalasin D, suggesting that Eap might
promote the internalization of bacteria via actin-dependent
phagocytosis (S. Bur, unpublished data). Further experiments
are ongoing in our laboratory to address this question.
MATERIALS AND METHODS
Cell culture
NHEK were purchased from Lonza (Walkersville, MD) and
cultured in serum-free keratinocyte growth medium supplemented
with the singleQuot kit ingredients (Lonza). The spontaneously
immortalized human keratinocyte cell line HaCaT (Boukamp et al.,
1988) was obtained from the German Cancer Research Center
(Heidelberg, Germany) and was cultivated in MCDB153 medium
(Biochrom, Berlin, Germany) containing 10% fetal bovine serum
(PAA, Pasching, Austria), penicillin (100 U ml 1), and streptomycin
(100 U ml 1) (Biochrom). Cells were cultivated in a humidified
atmosphere at 37 1C and 5% CO2 and were subcultured regularly.
Bacterial strains and growth conditions
Strains and plasmids used in this study are listed in Supplementary
Table S1 online. The S. aureus SA113 Deap mutant was obtained by
transducing the resistance cassette tagged eap mutation of
mAH12 (Hussain et al., 2002) into SA113 using phage 85. Bacteria
were routinely grown in Luria-Bertani medium or tryptic soy
broth (Difco, Detroit, MI) at 37 1C and 150 r.p.m. All strains
were sensitive to gentamicin according to EUCAST criteria (http://
www.eucast.org).
Eap purification
Native Eap was purified from S. aureus strain Newman as described
previously (Athanasopoulos et al., 2006). Protein concentration and
purity of the product were checked by SDS-PAGE and Bradford assay
(Bio-Rad Laboratories, Mu¨nchen, Germany), respectively. Purified
Eap was found to be free of detectable endotoxin by using a Limulus
amoebocyte lysate kit from Lonza and following the manufacturer’s
recommendations.
Adhesion and internalization assays
The adhesion and internalization assays were carried out as pre-
viously described (Sinha et al., 1999) with the following
modifications. HaCaT cells were grown for 24 hours in 24-well
plates until confluence (B4.5 105 cells per well). To obtain
matured keratinocytes, confluent HaCaT cells were further
cultivated for 1–7 days. Eap was mixed with unsupplemented
medium at the concentrations indicated and incubated for 60 minutes
at 37 1C. Subsequently, the wells were washed to remove excessive
Eap, and prewarmed medium without supplements was added.
Bacteria from overnight cultures were harvested by centrifugation,
washed, and resuspended in phosphate-buffered saline. If not indi-
cated otherwise, cells were inoculated with a MoI of 100 and
cocultivated for 90 minutes at 37 1C. Thereafter, wells were thor-
oughly washed three times with phosphate-buffered saline to remove
unbound bacteria before adding 0.5% Trypsin (Biochrom) to detach
the keratinocytes. Trypsinated keratinocytes were subsequently lysed
by sonication at 50 W for 15 seconds in H2O, and colony-forming
units were determined by plating serial dilutions of the lysates on
sheep blood agar. Alternatively, detached keratinocytes were washed
in phosphate-buffered saline and subjected to fluorescence-activated
cell sorting (FACS, CellQuestPro, Becton Dickinson, Franklin Lakes,
NJ). For the lysostaphin/gentamicin protection assays (internalization)
with the staphylococcal species, before the trypsination step, cell
culture media were supplemented with 20mg ml 1 lysostaphin
(Genmedics, Reutlingen, Germany) and 100mg ml 1 gentamicin
(Refobacin, Merck, Darmstadt, Germany), incubated for 1 hour at
37 1C to kill extracellular bacteria, and washed again in phosphate-
buffered saline to remove the antimicrobials. Extracellular E. coli cells
were killed by adding 600mg ml 1 of gentamicin and incubating the
cell cultures for 1 hour at 37 1C. Wells without eukaryotic cells were
routinely run in parallel to control the efficacy of the gentamicin and
lysostaphin/gentamicin treatments. For long-term survival experi-
ments, infected keratinocytes were cultivated in the presence of
gentamicin (24 and 48 hours, respectively), and the colony-forming
units were determined as described above.
Statistical analyses
Statistical comparisons were made using the Mann–Whitney U-test
(for unpaired analyses) and the Wilcoxon signed-rank test (for paired
analyses). P-values o0.05 were considered statistically significant.
Results shown are values for n independent experiments performed in
duplicate.
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